X-ray crystallography is the major technique used to obtain high resolution information concerning the 3-dimensional structures of biological macromolecules. Until recently, a major requirement has been the availability of relatively large, well diffracting crystals, which are often challenging to obtain. However, the advent of serial crystallography and a renaissance in multi-crystal data collection methods has meant that the availability of large crystals need no longer be a limiting factor. Here, we illustrate the use of the automated MeshAndCollect protocol, which first identifies the positions of many small crystals mounted on the same sample holder and then directs the collection from the crystals of a series of partial diffraction data sets for subsequent merging and use in structure determination. MeshAndCollect can be applied to any type of micro-crystals, even if weakly diffracting. As an example, we present here the use of the technique to solve the crystal structure of the Cyan Fluorescent Protein (CFP) Cerulean.
Introduction
Macromolecular X-ray crystallography (MX) is, by far, the most used method for gaining atomic resolution insight into the three-dimensional structures of biological macromolecules. However, a major bottle necks is the requirement for relatively large, well diffracting crystals.
Often, and particularly when crystallizing membrane proteins, only very small crystals of a few microns in the largest dimension can be obtained. Radiation damage effects limit the resolution of a complete diffraction data set that can be collected from a single micro crystal 2 , and very often, it is necessary to improve the signal to noise ratio and hence data set resolution, by merging several partial diffraction data sets from different, but isomorphic crystals. The increases in flux density of X-ray beams at synchrotron sources and elsewhere (e.g. X-ray free-electron lasers (XFELs)), have meant that useful partial diffraction data sets can be collected from even very small crystals of biological macromolecules. This, in turn, has led to the development of new techniques for the collection and merging of partial diffraction data sets collected from many different crystals in order to produce a complete data set for structure solution. Such techniques are commonly referred to as serial crystallography (SX) 3, 4, 5, 6, 7, 8 . A prototypical example of SX is the use of injector devices to introduce a narrow stream of a crystal slurry into the X-ray beam 3, 4, 5 . A diffraction pattern is recorded every time a crystal is exposed to X-rays leading to the collection, from many thousands of individual crystals, of 'still' diffraction images, information which is then merged to produce a complete data set. However, a considerable disadvantage of this type of serial data collection is that the processing of still images can be problematic. The data quality is considerably improved if crystals can be rotated and/or several diffraction images are collected from the same crystal during serial crystallography experiments 6 .
MeshAndCollect
1 was developed with the aim of combining SX with 'standard' MX rotation data collection and allows, in an automatic fashion,
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. The individual diffraction data wedges (partial data sets) are then processed either manually or using automated data processing pipelines 10, 11, 12, 13 . For downstream structure determination it is then necessary to find the best combination of partial data sets to be merged 14, 15, 16 after which the resulting complete data set can be treated in the same way as one originating from a single crystal experiment.
As an example of MeshAndCollect in practice, we present here the solution of the crystal structure of the Cyan Fluorescent Protein (CFP) Cerulean, using a diffraction data set constructed from the combination of partial data sets collected from a series of microcrystals mounted on the same sample support. Cerulean has been engineered from the Green Fluorescent Protein (GFP) from the jellyfish Aequorea victoria 17 , whose fluorescent chromophore is autocatalytically formed from the cyclisation of three consecutive amino acid residues. Cerulean is obtained from GFP by mutating the first and second residues of the chromophore, a serine and a tyrosine, to threonine (S65T) and tryptophan (Y66W) respectively and adapting the chromophore environment with further mutations (Y145A, N146I, H148D, M153T and V163A) to produce a significant, yet suboptimal fluorescence level of QY = 0.49 18, 19, 20 . The suboptimal fluorescent properties of Cerulean have been proposed to be linked to complex protein dynamics involving the imperfect stabilization of one of the eleven β-strands of the protein 21 and to the accommodation of two different chromophore isomers depending on the pH and irradiation conditions 22 . We chose to work with Cerulean as a model protein illustrating the use of the MeshAndCollect protocol due to the relatively ease of tuning crystal size depending on the crystallization. The structure of Cerulean is very similar to that of its parent protein GFP, as it is constituted of a β-barrel formed of eleven β-strands surrounding an α-helix, which bears the chromophore.
Protocol

Expression and Purification of Cerulean
Note: This is based on the protocol published by Lelimousin et al. 21 
Loading of the Sample onto a Beamline
1. In the experimental hutch, load the puck into the sample changer (SC) dewar and note its position. 2. Interlock the experimental cabin and enter the control hutch. 3. Log in to the ISPyB (https://esrf.fr/). Select Prepare Experiment, find the shipment, select Next and indicate the beamline and the puck position in the SC. 4. Log in into the beamline control software, here MXCuBE2 27, 28 with the experimental number and password provided on the A-form.
1. Press Sync to synchronize the beamline control software with the ISPyB database.
5. Use the beamline control software, to mount the sample holder onto the goniometer. In MXCuBE2, right click a position in the sample changer area and select Mount Sample. 6. Taking advantage of the MK3 mini-kappa goniometer 29 installed at most of the ESRF MX beamlines, use MXCuBE2's "visual realignment" workflow 30 to align the plane of the sample holder with the rotation axis of the goniometer. 7. Orient the sample holder so that the face of the mesh is perpendicular to the X-ray beam direction by rotating the omega axis using MXCuBE2. 8. In MXCuBE2, select the beam size required for the scanning of the sample holder (only for beamlines with variable beam size).
1. Click on the aperture drop down menu in the beamline control software and select a value, e.g., 10 µm.
9. Define a mesh for the mesh scan. 1. Click on the mesh tool icon in MXCuBE2. The mesh tool window will appear. 2. In the sample view of MXCuBE2, draw the mesh by left clicking and dragging the mouse over the area containing crystals on the sample holder. 3. To save the mesh click on the Plus button in the mesh tool window (mesh becomes green).
Prepare and Execute the MeshAndCollect Workflow
1. In the Resolution field of MXCuBE2, enter the resolution (d min ) at which diffraction images should be collected, e.g., here 1.8 Å. 2. Select MeshAndCollect in the Advanced data collection tab, add it to the queue and click Collect the Queue. 3. In the parameter window which appears, use the beamline dependent default parameters. In the experiment described here defaults parameters are 0.037 s exposure time per mesh scan point, 100% transmission (leading in this case to 4 x 10 11 ph/s), 1° oscillation per mesh scan line. 4. Click Continue. The mesh scan runs and the diffraction images collected at each grid point are analyzed and ranked according to diffraction strength with the software DOZOR
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. This process runs in the background. 5. After the DOZOR analysis a heat map is generated and the order for subsequent partial data collections is assigned automatically based on diffraction strength (see Figure 1) . Note: The results of this step can also be inspected in ISPyB. For the collection of partial data sets a new tab with settings pops up in the beamline control software, select suitable values for rotation range (i.e., 0.1°), number of images (i.e., 100), exposure time, resolution, transmission, inverse beam etc. Ideally the dose for each wedge to be collected should be below the Garman limit (30 MGy). The approximate exposure time per image is 0.037 s to 0.1 s in the described experimental conditions. 6. Click Continue to launch the partial data collections.
Data Processing
Note: The partial data sets are integrated with a suitable program (XDS 10 ). For this a Python script will be used that recognizes each individual data set, integrates it and makes sure that indexing between the different partial data sets is consistent.
1. Open the folder containing the images: /data/visitor/mxXXXX/beamline_name/date/RAW_DATA/Cerulean. 2. Make a safety copy of the process subfolder that can be found in the folder where the partial data sets are collected.
1. On the Linux terminal, use the command cp -r process process_backup.
Merging of Data Sets
Note: After all partial data sets are integrated the best combination of them are merged to produce the final data set for use in structure determination and refinement. Different aims of this merging process can be to obtain full completeness (highly recommended), high multiplicity or the best data statistics (high <I/σ(I)>, low R-factors, etc.). The latter can sometimes be at the expense of completeness and/or multiplicity so this option should be chosen with care.
1. Merge the partial data sets using the program ccCluster 14 . It uses Hierarchical Cluster Analysis (HCA) to determine possible combinations of isomorphous partial data sets ().
1. Type ccCluster in the Unix terminal to open its graphical user interface (GUI). Note: In the ccCluster GUI a dendrogram is drawn. This gives a suggestion as to which partial data sets might be best merged based on isomorphism between them. 2. Click on a node that corresponds to a value of about 0.4 on the vertical axis. Generally, higher values will include more partial data sets but lead to worse merging statistics as partial data sets will be less isomorphous. 3. Click on MERGE DATA. The selected cluster will be processed in the background and the estimated merging statistics will appear in a new tab in the GUI. This step can be repeated for different combinations of data sets. For a good combination of partial data sets the completeness should be close to 100%, the <I/σ(I)> values high (10 or higher in the lowest resolution shell) and the R-meas 31 values low (around 5% in the low resolution shell).
2. For each combination selected use the generated input script to merge the partial data sets chosen into a single mtz file (i.e., pointless 32 ). 3. Definitively scale and merge the intensity data in this file using a scaling program (i.e., aimless 32 ) and, as with a file originating from a single crystal data collection, use the output for subsequent phasing and structure solution 33 .
Representative Results
MeshAndCollect, as implemented in MXCuBE2 (see Figure 1A) , was used for the collection of partial diffraction data sets from small crystals of Cerulean located on the same sample holder in which visual identification of crystals was difficult. To screen the sample holder, we drew a grid over the center of the meshloop (see Figure 1B) and based on the DOZOR score heat map (see Figures 1C, 1D ) 85 partial diffraction data sets were automatically collected. These were individually integrated then merged (see above) to produce a data set with 99.8% completeness at d min = 1.7Å (see Table 1 ). Half-set correlation (CC 1/2 ) 34 in the highest resolution shell was 60% ( = 4.7). As expected, the crystal structure of Cerulean could be straightforwardly solved by molecular replacement 33 using the data set generated. After refinement, we obtained an R work of 22.8% and an R free of 25.4%. Superposition with the previously determined structure (PDB entry 2WSO
21
) shows a global rmsd on C α positions of 0.1 Å. As our example shows, MeshAndCollect is very easy to apply and leads to a series of partial diffraction data sets, usually collected from small crystals, which can be merged to produce a complete data set for use in structure solution. Moreover, MeshAndCollect has the potential to open up the sampling space of protein crystallography as it provides a way to collect usable data from crystallization trials where the last optimization step, the production of large crystals, is unsuccessful.
Statistics of the merged data set
In the light of the current developments towards brighter X-ray sources (e.g., Extremely Brilliant Source (EBS) project/ESRF 35 ) it is foreseeable that due to increased radiation damage, the type of multi-crystal data collection facilitated by MeshAndCollect will become the standard method of data collection, rather than an exception -as is currently the case -at synchrotron-based MX beamlines.
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